Objective: To introduce a novel 3D-printed prosthetic composite for reconstruction of massive bone defects after resection for bone malignancy of lower extremities. The design concept, surgical technique, and the preliminary outcomes were elaborated. Methods: Patients with primary malignant tumors of lower extremities requiring tumor resection and reconstruction were recruited between Jun 2015 and Nov 2018. Patient-specific 3D-printed prostheses were designed according to preoperative imaging data. After tumor resection, reconstruction was performed with composites consisting of 3D-printed prosthesis, beta-tricalcium phosphate (β-TCP) bioceramics and/or vascularized fibula. All patients underwent regular follow-up postoperatively. The functional outcomes were assessed by the Musculoskeletal Tumor Society score (MSTS). Oncological outcomes, imaging results, and complications were recorded and analyzed. Results: Ten cases averaging 12.90 years of age participated in this study. There were five femur and five tibia reconstructions. The mean follow-up period was 16.90 months. At last follow-up, all patients were alive without tumor recurrence. Average MSTS functional score was 80.33 ± 11.05%. All prostheses were intact and stable without failure or systemic breakage. No serious complications occurred after the operation. Postoperative X-ray, computed tomography (CT) and single-photon emission computed tomography (SPECT) showed an ideal integration between the bone and the prosthetic composite. Moreover, vascularized fibula and implanted β-TCP bioceramics indicated relatively high metabolic activity in vivo. Conclusions: Patient-specific 3D-printed prostheses combined with β-TCP bioceramics and/or vascularized fibula provide an excellent option for reconstruction of massive bone defects after lower extremity malignant tumor extirpation. Short-term follow up showed promising clinical results in recovering lower limb function, promoting osseointegration and reducing complications.
Novel 3D-printed prosthetic composite for reconstruction of massive bone defects in lower extremities after malignant tumor resection 
Introduction
Limb salvage surgery has become the optimal choice for most malignant tumors of the extremities, due to early diagnosis, neoadjuvant chemotherapy, as well as advances in surgical techniques and medical device industry [1, 2] . However, reconstruction of massive bone defects after tumor resection poses a major challenge for surgeons. The traditional options for reconstruction include allografts [3] , autografts [4] , recycled tumor bone implantation [5] and segmental prosthesis [6, 7] .
Unfortunately, no standardized method with definite long-term efficacy, reduced complications and excellent postoperative limb functions has been established.
Recently, advanced 3D printing technology has revolutionized the conventional concepts of oncological surgery and made it possible to accurately remove tumors and perform patient-specific reconstruction. In addition to anatomical models and surgical guides, 3D-printed prostheses have been approved for clinical trials and achieved certain success [8] [9] [10] . The contour of a 3D-printed prosthesis could perfectly fit to the bone defect. Moreover, it could be introduced into be porous for the purpose of conducting bone ingrowth and decrease the modulus, which could help reduce longterm mechanical complications, including loosening and fracture [11] . However, the porous metal titanium alloy is, after all, a metallic material which is not biologically active in vivo, and several studies have shown that the depth of bone tissue growing into porous metals is limited.
The concept of 'in vivo osteo-regenerator' was proposed by our research group in 2015, describing the prototype of 3D printed prosthetic composites [12] . Currently, we have developed a novel composite consisting of patient-specific 3D-printed prosthesis, artificial bone materials (β-TCP) and/or vascularized fibula for massive bone defects after wide removal of malignant bone tumors of lower extremities. In this prospective study, we aimed to demonstrate the feasibility of such prosthesis composite and evaluate its short-term clinical efficacy.
Materials and methods

Patients
A prospective study was performed form Jun 2015 to Nov 2018 in the Department of Bone Oncology, Xijing Hospital. Patients meeting the following criteria were included: (1) pathological diagnosis of primary malignant tumor of lower extremities; (2) condition of limb salvage surgery; (3) expected survival time of at least 12 months; (4) voluntarily acceptance of the novel reconstruction material. Patients meeting any of the following criteria were excluded: (1) multiple metastases or unresectable tumors; (2) cardiopulmonary insufficiency, or other serious diseases; (3) pregnancy or lactation in women. The study protocol and interventions were approved by the Clinical Research Ethics Committee of Xijing Hospital, and all participants provided signed informed consent.
3D-printed prosthesis
The limbs were scanned by CT (Mutislice 64, GE Healthcare, USA) with the following parameters: slice thickness, 0.625 mm; matrix, 512×512; pixel size, 0.2-0.4 mm; feed per rotation, 1 mm. Image data were recorded in DICOM format and imported into the Mimics V17.0 software (Materialise, Belgium) for reconstructing 3D geometric models. MRI images were also obtained to identify tumor margins and reaction areas. Under virtual conditions, the tumor was simulated to be excised with safe margin, with the prosthesis fixed at the defect site. The customized guide plate for osteotomy was designed based on bone surface characteristics and the osteotomy plane. Because tumor invasion usually destroys the structures of affected bones partially or totally, 3D bone models appeared to be incomplete and not suitable for prosthesis design. Therefore, the prosthesis is developed through the mirror image of 3D reconstruction of the unaffected side to ensure the same morphological characteristics. Basically, it is a hollow cylinder, and the bone grafting window is reserved to facilitate the implantation of vascularized fibula and bioceramic granules (Fig. 1A) . Osteosynthesis plates were integrated into the prosthesis ends with screw holes, through which the prosthesis can be rigidly fixed onto the host bone. It should be emphasized that except for osteosynthesis plates and the regions requiring mechanical reinforcement, the rest of the prosthesis has a 'super porous interface' structure, which is similar to the three-dimensional structure in natural bone tissue. This structure plays an active role in promoting trabecular ingrowth and enhancing the long-term stability of prosthesis [13, 14] . Then, to maintain keen stability, some cylinder holes were designed on the surface of the proximal part of tibial component to attach collateral ligaments. Before processing, the mechanical properties of the designed prosthesis were verified by three-dimensional finite element analysis. Only those that met the mechanical requirements can be transferred to the next step. The 3D printed prosthesis was made of titanium alloy (Ti6Al4V) by the selective laser melting (SLM) technology, and fabricated at Xi'an Bright Laser Technology Co., Ltd. (Xi'an, China). Before clinical application, the prosthesis underwent post-processing of thermal treatment, powder removal, cleaning and sterilization, sequentially.
Bioceramic granules
The β-TCP porous bioceramics were designed and produced by Shanghai Bio-lu Biomaterials Co, Ltd. (Shanghai, China). In this study, irregular porous bioceramic granules with a diameter of 1.5-3.5 mm were used, which have pore with a diameter of 500-600 µm and the interconnection with a diameter of 120 µm (Fig. 1B, C) . β-TCP bioceramics with this specific micro three-dimensional structure has been proved to have the ability to induce angiogenesis and promote osteogenesis during bone defect repairing [15] [16] [17] . Moreover, it is biodegradable and finally replaced by the surrounding bone tissue.
Surgical technique
The most critical steps of the surgical procedure were tumor resection and composite graft installation (Fig. 2) . All operations were performed by the same surgical team using standard procedures. With the help of the guide plate, en-bloc resection of the tumor was precisely performed under the principles of tumor-free surgery (Fig. 2B) . The reconstruction procedures can be classified into two types, including '3D-printed prosthesis + vascularized fibula + bioceramic granules' (P-F-B) and '3D-printed prosthesis + bioceramic granules'(P-B), based on preoperative design and the patients' wishes (Figs. 3 and 4) . Generally, P-B reconstruction was recommended for children below 10 years of age (Fig. 4 ). For the P-F-B composite, the vascularized fibula was assembled in the center cavity of the 3D printed prosthesis, surrounded by sufficient amounts of bioceramic granules (Fig. 1D ). For the P-B composite, the inner cavity of the 3D printed prosthesis was filled with bioceramic granules without fibula (Fig. 4D, E) . Furthermore, two different types of vascularized fibula were used for P-F-B reconstruction. For tumors occurring in the tibia and not involving the ipsilateral fibula, the ipsilateral pedicle's vascularized fibula was adopted without vascular anastomosis. For tumors occurring in the femur, a free fibula flap was selected. Peroneal vessels were identified, ligated proximally or distally, and anastomosed to anterolateral thigh vessels under a microscope. Considering the stability of installation, additional plates were used to enhance fixation when necessary. The defective fibula was reconstructed with allograft or 3D-printed fibula (Fig. 2F ). For reconstruction around the knee joint, collateral and patellar ligaments were sutured to the reserved cylinder holes on the prosthesis surface. After irrigation with hydrogen peroxide and physiological saline, the incision was sutured layer by layer, and drainage tubes were placed.
Postoperative management
The patients were advised to stay in bed postoperatively for 6 weeks, during which active and passive joint motion exercises were encouraged. Non-weight-bearing standing and walking were allowed from 6 weeks to 3 months after operation. Partial weight-bearing was encouraged from 3 months post-operation, followed by gradual full weight-bearing based on radiological follow-up results. Radiotherapy, chemotherapy or other medical interventions were allowed when necessary after surgery. 
Assessment
The patients were followed up clinically and radiologically at 1, 3 and 6 months, and every 3 months thereafter. Anteroposterior and lateral radiographs were used as the basic tools for prosthesis evaluation. Moreover, pulmonary CT was used to assess metastasis; SPECT/CT was recommended for biological evaluation of vascularized fibula and bioceramics. Failure of the prosthesis was evaluated according to the Classification of Segmental Endoprosthetic Failure [18] . The functional outcome of the reconstructed limb was assessed using the MSTS scoring system [19] . Oncological outcomes and complications of the prosthesis were recorded in detail.
Statistical analysis
All statistical analyses were conducted using SPSS software (version 18.0, Inc., Chicago, Illinois). The quantitative data was described as the mean ± standard deviations (SD). In the comparison between the P-F-B and P-B reconstructions, two-sample t tests and chi-square tests were used and p value less than 0.05 was considered as statistical difference.
Results
Patient demographics and treatment data are summarized in Table 1 . Ten patients (seven females and three males) fulfilling the inclusion criteria were assessed. Their ages at the time of surgery ranged from 6 to 20 years, with an average of 12.90 years. Of the ten cases, five underwent tumor resection and reconstruction with P-F-B and the remaining five with P-B. Osteosarcoma (7 cases) constituted the most common pathological type among cases. The affected bone sites included proximal femur (n = 1), middle femur (n = 2), distal femur (n = 2), proximal tibia (n = 3), middle tibia (n = 1) and distal tibia (n = 1). Preoperative neoadjuvant chemotherapy was applied to patients with Ewing's sarcoma or osteosarcoma. According to the surgical staging system proposed by Enneking et al., all patients had stage ⅡB disease.
The average operation time was 218.20 ± 96.37 min (80-385 min), for an average blood loss of 372.00 ± 217.71 ml (100-800 ml). The length of segmental bone defect caused by tumor resection averaged 19.97 ± 6.77 cm (7.06-29.01 cm). The follow-up period after surgery ranged from 5 to 34 months, with an average of 16.90 months.
Oncological outcomes
At final follow-up, all the patients were alive without tumor recurrence. There was no evidence of disease in 8 of the 10 (80%) patients. Lung metastasis occurred in one patient with osteosarcoma at 16 months after surgery, and resection was performed in the department of thoracic surgery. Another patient with Ewing's sarcoma developed inguinal lymph node metastasis at 12 months postoperatively, and no new lesions were found after radiotherapy.
Physical function
The average MSTS functional score was 80.33 ± 11.05% (60.00-96.67%) at last follow-up. Patients who underwent femoral and tibial reconstructions scored 74.67 ± 10.16% (60.00-86.67%) and 86.00 ± 9.55% (73.33-96.67%), respectively, indicating a non-statistically significant difference (p = 0.107). Six patients with MSTS scores ≥80% were able to carry out normal activities and work. There was only one patient with a score ≤60%.
Prosthesis evaluation
All reconstructs were in situ during the follow up period (Figs. 3  and 4) . According to the Classification of Segmental Endoprosthetic Failure, no soft-tissue failure, aseptic loosening or structure failure was recorded. Additionally, no non-mechanical failure (infection or tumor progression) was found in these cases. The implants had no issues in 9 of the 10 (90%) patients. Two fixed screws were fractured in one of the ten patients, but did not affect prosthesis stability, so further clinical interventions were not required. The composites resulted in substantial bone integration during followup for more than 12 months after the operation, with the following manifestations: (1) osseous coverage formed by the extension of cortical bone to the prosthesis; (2) bone union between the vascularized fibular grafting and residual bone; (3) β-TCP bioceramic granules in the 3D printed prosthetic cavity were partially degraded, accompanied by new bone formation (Fig. 5D, E) . Postoperative SPECT/CT demonstrated that all four fibula flaps survived (Fig. 5A) . It should be noted that the bioceramics inside the prosthesis cavity also showed relatively high metabolic activity, reflecting the bone formation process (Fig. 5C ).
Postoperative complications
All the operations were successful without intraoperative complications. One patient with pool related wound was cured after several cycles of debridement and wound dressing. No other postoperative complications such as infection, thrombosis, fracture and variable donor-site morbidity occurred in this case series during follow-up.
P-F-B versus P-B
According to reconstruction methods, the cases could be further divided into two subgroups, including A and B, who received reconstructions with P-F-B and P-B, respectively. There were no statistically significant differences in gender and Enneking stage between the two groups (p = 0.490). However, age in group B was reduced compared with that of group A (9.80 ± 2.77 y versus 16.00 ± 3.94 y, p = 0.021). Bone defect lengths in groups A and B were 24.39 ± 2.82 cm and 15.55 ± 6.81 cm, respectively, indicating a significant difference (p = 0.028). Mean operation time in group A was 298.40 ± 49.65 min, which was significantly longer than that of group B (138.00 ± 48.55 min, p = 0.000). Moreover, group A had more intraoperative blood loss than group B (504.00 ± 187.29 ml versus 240.00 ± 167.33 ml, p = 0.046). At final follow-up, all prostheses in groups A and B were in situ, and no prosthesis failures such as loosening, infection and fracture were found. In terms of limb function, average MSTS scores in groups A and B were 80.00 ± 7.07% and 80.67 ± 14.68%, respectively, with no statistically significant difference (p = 0.931). The detailed information is shown in Table 2 . 
Discussion
In this study, we developed a novel prosthesis composite under guidance of the 'in vivo osteo-regenerator' concept, which was put forward and verified in animal experiments [12] . The regenerator was designed to use the body itself as a reactor to generate the required bone tissue with the help of bioactive scaffolds. Preferably, β-TCP granules were selected as scaffolds because of favorable biocompatibility, osteoconductivity, biodegradability and angiogenesis inducibility [15] [16] [17] 20, 21] . For reconstruction in this study, the soft tissue around the prosthesis and truncation surface of the bone and/or vascularized fibula in the prosthetic cavity constituted the biological environment of the regenerator. β-TCP granules in the prosthetic cavity played the role of biological conduction, through which osteogenesis progressed along with the degradation of bioceramics.
Satisfactory tumor-negative margins were achieved in all ten patients, and bone defects were successfully reconstructed. As clinical results, postoperative MSTS scores at final follow-up averaged 80.33 ± 11.05%, comparable with the results of segmental prostheses in other publications [22] [23] [24] . Yan et al. [22] reported 30 cases who underwent wide excision and reconstruction using tumor endoprosthesis; mean MSTS scores for proximal femur, distal femur, proximal tibia, proximal humerus, and total femur were 90%, 82%, 73%, 71% and 60%, respectively. In a study by Holm et al. [23] , 50 patients with primary bone tumors of lower extremities who underwent limb-sparing reconstruction with mega-prostheses were followed up for a mean of 14 years. The mean MSTS score of 24 patients whose limbs were still spared at last follow-up was 21.2 (range 6-30), representing a median score of 71%.
Soft tissue failure, aseptic loosening, structural failure, infection, and tumor progression are the five common complications that lead to failure of tumor endoprostheses [18] . Kawai et al. [25] reported that aseptic loosening is the primary cause of prosthetic failure. In this study, we did not observe infection, aseptic loosening, soft-tissue failure, prosthesis breakage or tumor recurrence. This is partly because the bioactive 3D-printed prosthesis composite combines the advantages of immediate mechanical endurance of a porous titanium prosthesis and the long-standing biological properties of β-TCP bioceramics and/or a vascularized fibula graft. However, long-term complications need to be further assessed since some of them usually arise 2 years after operation [26] . Compared with traditional segmental prosthesis, the 3D printed prosthetic composite has the advantages of biocompatibility, bioactivity, and biological stability, which can reduce the incidence of complications and achieve better long-term efficacy theoretically.
The Young's modulus of titanium (110 Gpa) is several times greater than that of cortical bone (7-30 Gpa), which creates a stress-shielding effect and eventually leads to bone resorption and prosthetic failure [27] . It was reported that the mechanical properties of 3D-printed prostheses with mesh or porous structure are more suitable than those of conventional solid prostheses [25, 28] . In this study, the mechanical structures of 3D printed prostheses were optimized by topological methods and tested by three-dimensional finite element analysis. This is obviously different from traditional prostheses in that the mechanical properties of the 3D printed prosthetic composite are gradually enhanced due to bone formation promoted by β-TCP bioceramics inside the prosthesis. Benefiting from these excellent mechanical properties, all patients could achieve partial weight-bearing walk at 3 months after surgery, and no breakage or loosening of the prosthesis was found during clinical follow-up.
Vascularized fibula transfer is considered an adequate method for limb sparing surgery since it was first described in the late 1970s [29] . Vascularized fibula flaps are mainly used in intercalary reconstruction of upper limbs, and bony union is achieved in the majority of cases [30, 31] . However, for reconstructing lower limb Table 1 Clinical features and follow-up results of the patients. Notes: P-F-B = 3D-printed prosthesis + vascularized fibula + bioceramic granules; P-B = 3D-printed prosthesis + bioceramic granules; NED = no evidence of disease, NER = no evidence of recurrence.
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bone defects, the mechanical strength of the fibula is insufficient. Patients are usually not allowed to weight-bearing stand or walk for a long period after surgery. Even so, stress fracture of the transferred fibula is a common complication with reported rates ranging between 7.7 and 22.2% [32, 33] . To solve this problem, the Capanna technique that combines a large structural allograft with a free fibular flap is an alternative [34] . However, this method incorporates the dual complications of allografts and autologous fibular grafts, such as nonunion, infection, pathophoresis and donor-site discomfort. In the current series, four cases with femur malignancy and one with tibia malignancy were reconstructed using 3D printed prosthesis combined with vascularized fibula and β-TCP bioceramics. Patient-specific prostheses provide early mechanical stability, and the vascularized fibula and bioceramics inside the prosthesis substantially improve the biological properties of the reconstruction. During follow-up, bone union was achieved in all cases. However, it should be noted that fibula transplantation is not highly recommended for younger children because of thin fibula, and the absence of fibula may affect the skeletal development of lower extremities [35] . In addition, it is associated with variable donor-site complications, including motor weakness, pain and sensory abnormalities [36, 37] . Therefore, P-B composite reconstruction without vascularized fibula was adopted for five children in this study. The biological properties and bone regeneration ability of bioceramic granules inside the prosthesis are the most important concerns. As a bone substitute material, β-TCP provides osteoconductive activity and is biodegradable. In a previous study D: X-ray: one week after operation, the initial position of the vascularized fibula (the blue arrow), bioceramic granules (the red arrow) and allograft fibula (the yellow arrow). E: X-ray: 21 months after operation, 'umbrella like' bone formation was observed at the end of the vascularized fibula (the blue arrow); bioceramic granules were degraded for new bone formation (red arrow); the allograft fibula and the remaining bone were linked together (red arrow). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Table 2 The comparison between the reconstruction with P-F-B and P-B. [38] , β-TCP was used to backfill the fibular defect caused by bone harvesting. Callus formation bridging the beta-TCP was recorded at an early stage after operation, and the β-TCP mostly was absorbed and replaced by newly formed bone at an average of 9.3 months postoperatively. Moreover, the vascular conductivity and angiogenic activity of β-TCP bioceramics with specific pore structure have been confirmed, and the bioceramics rod has been used to reestablish blood supply upon femoral head necrosis [39] . In P-B reconstruction, cells and fluids abundantly flow into the β-TCP bioceramics granules through the medullary cavity and the superporous structure of the 3D printed prosthesis; eventually, the internal part of the prosthesis is replaced by the mature new bone, which improves the permanent stability of the reconstruction. Compared with P-F-B reconstruction, the P-B procedure takes less time (p = 0.000) and causes reduced intraoperative blood loss (p = 0.046). As short-term results, the MSTS score of P-B reconstruction was 80.67% ± 14.98%, which was not statistically different from that of P-F-B reconstruction (80.00% ± 7.07%, p = 0.931). It can be further hypothesized that there is no difference in clinical efficacy for β-TCP bioceramics/3D printed prosthesis composite with or without fibula, and P-B reconstruction can also be applied to adults. However, limited by short follow-up time, this remains to be further investigated.
Conclusions
To conclude, these preliminary results revealed that the novel composite offers promising clinical outcomes. With vascularized fibula and bioceramics, the risk of complications and failure seems to be reduced. Use of the 3D-printed prosthesis in combination with β-TCP bioceramics and/or vascularized fibula represents an attractive option for reconstructing large bone defects after tumor resection. However, we acknowledge the limitations of this study. Firstly, short-term followup was the major limitation. Another shortcoming was the lack of a control group, which limited statistical power. Additionally, this technique has a short duration of use, and the sample size was relatively small. Therefore, multi-center controlled studies are required to adequately evaluate the clinical efficacy of this new technique in long term follow-up.
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